In the context of precision agriculture, we have developed a machine vision system for a real time precision sprayer. From a monochrome CCD camera located in front of the tractor, the discrimination between crop and weeds is obtained with an image processing based on spatial information using a Gabor filter. This method allows to detect the periodic signals from the non periodic one and it enables to enhance the crop rows whereas weeds have patchy distribution. Thus, weed patches were clearly identified by a blob-coloring method. Finally, we use a pinhole model to transform the weed patch coordinates image in world coordinates in order to activate the right electro-pneumatic valve of the sprayer at the right moment.
INTRODUCTION
In years 1980 in the USA, an agriculture called precision agriculture appears with the development of the new technologies such as GPS, remote sensors... It is usually defined by "the right dose, at the right place and at the right moment". The purpose of the precision agriculture is to reduced chemical inputs, which have an environmental and economic impact. The reduction of chemical inputs can be applied according to the two followed approaches:
• Mapping concept,
• Real-time concept.
Sensors can be embedded in agricultural engins 1 or aircraft 2, 3 in order to provide useful informations on the heterogeneities of the soil, crop and weeds. A particular attention can be paid to the reduction of herbicides which are the main pollutants in agriculture. In the past, our laboratory developed a multispectral imaging system embedded in a small aircraft 2 in order to realize a weed infestation map after the overflight of crop fields. At the same time, we study the development of a machine vision system for a real time precision sprayer using a camera embedded in a tractor in order to spray especially on plant infested areas. Herbicides saving can be done by developing various systems in real time for a site specific spraying to the infested areas. These systems use the optical sensors (photodiodes) and are able to discriminate plants and soil by their reflectance. The most famous ones are Weedseeker,
L.T
More recentlyÅstrand et al. 7, 8 have developed a robot with two vision systems guided with the crop rows which the aim is to remove weeds in the inter-row with mechanical tool. However, this method of detection is limited to some crop (salad, sugar beet, etc...) where seedling is done with drilling method. The aim of this paper is to present the development of a real time precision sprayer based on machine vision devoted to the inter-row weed detection in cereal crop fields from a spatial approach in order to target herbicide spraying.
MATERIALS AND METHODS

Experimental set-up
The figure Fig.1 shows an overview of the experimental set-up, a camera, tractor and a sprayer where an electro-pneumatic valve has been placed in front of each nozzle 
The precision sprayer
The Tecnoma "TS200" sprayer is composed of a six meters boom with twelve nozzles spaced by fifty centimeters. The hydraulic circuit was similar to a conventional sprayer with an output from the main pump fed to a pressure control valve (a constant pressure regulation). In the context of precision agriculture, two sensors have been embedded on the tractor: a vision system placed in front of the tractor and a speed sensor fixed on a front wheel. Morover, the sprayer has been modified ( Fig.2) : each nozzle is separately to turn on or off from a control unit (called spray control system) via electropneumatic valve (EPV). The spray control system (SCS) is based on the use of microcontroller (PIC 16C765 from Microchip) linked to a computer via a serial port. During the herbicide applications, this system receives via the computer the weed locations. This positions were defined after an image processing of the acquired image. The SCS allows to turn on/off the EPV separately, depending on the tractor speed, when herbicide is required. A specific pneumatic circuit (compressor) has been developed in order to maintain a sufficient pressure (4 bars) for a good behavior of EPV. 
Agronomic scene
At the present time, the first trials are done on a car park of the institute ENESAD where we simulated an agronomic scene. According to the fact, that soil is grey, we created crop rows composed of a, white stripe pattern (made in plaster) in order to model crop seedlings as observed on Fig.3 .a. The average bandwidth of a row is fixed to five centimeters and the space between two consecutive row is about sixteen centimeters (simulation of a cereal field). Weeds have been made with white paper, different forms and randomly placed in inter-row of the crop.
Images acquisition
Images are acquired by a monochrome CCD camera (Sony U1000, 1598 × 1199) located in front of the tractor and inclined with a 70
• angle. According to perspective effects, the real dimensions of the agronomic scene are estimated to be 2.44 × 1.45 m. The camera is connected to an on-board computer by a National Instruments Imaq PCI/PXI-1428 frame grabber and the computer used an Intel Celeron processor with 2.4 GHz frequency with 256 MB of RAM. For real-time applications, the image processing is done with the software Microsoft Visual C++ using OpenCV (Open Source Computer Vision) 9 and IPP (Integrated Performance Primitive) developed by Intel Software. * * * The bidimensional Gabor filter [11] [12] [13] derivates from a monodimensional Gabor filter. 14 It is defined as a modulation of a gaussian function by a complex oscillator. The general form is defined by:
As the crop rows are coarsely vertically oriented, we prefer a filter following the horizontal direction to discriminate the periodic signals from the non periodic signals along this direction. So we have a real filter following a direction, the previous equation becomes:
We can separate this function in a product of two filter functions such as :
The part m(x)(eq.3) represents a monodimensional Gabor filter centered on u 0 frequency along the horizontal direction with a standard deviation σ x . This filter can be a band pass or a low pass filter following σ x value. If σ x value is low, the bandwidth in frequency domain is high then the filter becomes a low pass. Otherwise, the bandwidth in frequency domain is low then the filter is a band pass. To preserve a band pass behavior, σ x must up for small value of u 0 . In the frequency domain, the standard deviation is equal to 1 2πσ x .
The part h(y) is a gaussian function with a standard deviation σ y orthogonal to the horizontal direction. In the frequency domain, the standard deviation is 1 2πσ y . It is a low pass filter.
The part N is a coefficient allowing an unit gain.
Its Fourier transform is given by:
Fourier transform and detection of parameters of Gabor filter We perform a Fourier transform to the image acquired (image in grey level) in order to detect the parameters of the Gabor filter:
• The central frequency u 0
• The standard deviation σ x along horizontal direction
• The standard deviation σ y along vertical direction
To extract the parameter u 0 , we work on the half frequency space because the Fourier transform is symmetric. We search for the maximum level of magnitude denoted A. This maximum corresponds to the main component frequency presents in the original image. This is situated along horizontal frequency axis, we denote f A the frequency associated. It is the central frequency of the filter:
Standard deviations along the two directions, vertical and horizontal are difficult to determine. So we have performed an algorithm based on the magnitude level. 15 We search for three other levels denoted B, C and D depending on the level of A.
As we use a normalized Fourier transform, the maximum of the module is equal to 1 dB. The B and C levels are located along the horizontal frequency axis. We define that B level is about 89% of the level of A so B 0.89 dB and C level is about 87% of A so C 0.87 dB. The D level is along the straight line (d) which is orthogonal to the straight line (BC). We search for on (d) the level D is about 83% of A so D = 0.83 dB.
We denote by f B , f C and f D the f x and f y coordinates associated to levels B, C and the D level respectively (Fig.3.b) . The difference between the frequencies f C and f B allows to find the standard deviation σ x along the horizontal direction. The frequency f D is used to define σ y , the standard deviation along the vertical direction. The standard deviations are given by:
All this process and the associated parameters have been defined after an extensive experimental study on numerous real agronomic images.
The convolution between this filter and the original image allows us to enhance the crop rows. The result of the filtering is shown Fig.3 .c. 
Discrimination between crop and weeds
After the crop row detection with a Gabor filter, we must discriminate between crop and weeds. The image is then binarized with a threshold equal to the average value of the intensity of the pixels composing the image. Consequently all vegetation pixels are in white color whereas the black color represents soil pixels (this image is noted a). A threshold is also applied with the filtering image (noted b). Afterwards we use a logical function AN D between these two images in order to obtain the crop map (notes c) (Fig.4 .a, white color), so:
Then with a logical function XOR between the previous result and the initial image, we are able to deduce a weed infestation map (noted d) as shown Fig.4 .a where weeds are in black color :
According to the equations 8 and 9, we can demonstrated that: 
Infestation map
From the crop/weed discrimination (Fig.4.a) , we are able to create a weed infestation map. From this map, a region based segmentation is done in order to group weed pixels into patches. treatment, we use a blob-coloring method. 16, 17 Applying the inverse pinhole model, it is possible to determine the coordinates of these regions in the real world depending on the intrinsic and extrinsic parameters of the optical system shown in Tab.1. The details of the coordinate transformation can be found in appendix A. According to the size of these regions, a decision is done to conserve or not them. Indeed, if the size of a patch in the real world is inferior to the minimal size of the seedling (4cm × 2cm), we remove this patch. The figure Fig.4 .b shows a map where all weed patches have been selected.
EPV choice
From the weed infestation map, each EPV can be controlled independently. The figure Fig.5 .a shows a schematic view of the tractor with the spray boom. On this figure, we can see the origin of the real world (x w , y w ) which is located in the middle of the spray boom along the direction x w . For each weed patch, only two extrema coordinates along the x axis have been selected and are denoted x wmin and x wmax . The average of these coordinates for each patches allows to assign the right nozzle to each weed patch. Lastly, taking into account the tractor velocity, the opening and the closing of the valves are defined by the maximal and minimal values of the coordinate of the weed patches. 
RESULTS AND DISCUSSION
At the moment, many different trials are realized indoors or on artificial conditions in order to test the site-specefic spraying system to solve some technical problems. Although the results are quiet good, it is necessary to optimize the spraying system developing calibration curves owing the vibrations of the tractor, the unevenness of the ground and the fact that the camera is inclined and not close to the srayer boom. Concerning the image processing based on a Gabor filter, the parameters of the filter were equal to u 0 0.0049, σ x 108.65 and σ y 32.60 , these parameters were deduced from the initial image (Fig.3.a and Fig.3.b) with f A 0.0049, f B 0.0029, f C 0.0059 and f D −0.0020. The crop/weed discrimination is enabled to estimate only an inter-row Weed Infestation Rate (WIR) of the processed image, so 9.5%, this rate is calculated by:
inter-row weed pixels × 100 vegetation pixels
However, from this algorithm, if a weed is present in the crop row, it will not be detected. From another point of view, few patches of crop are detected as weed because certain leaves of plant are overlapped the crop inter-rows implying errors. It is the same thing with leaves of weed. Generally, this problem occurs mainly on the graminaceous having a rather advanced stage of vegetation.
The efficiency of this crop/weed discrimination method has been testing developing a model which simulate agronomic images within the crop and weed plants are perfectly weel-known. 18 It must be noticed that we opt for this spatial approach because it is rather adapted for real-time applications: easy implementation and short calculation time.
The computing time of the treatment is about one second implying a maximum tractor speed of 8.8 km/h. If we want to increase the speed of the tractor, we must decrease the computation time of our treatment and consequently we must use a more efficient processor.
The spatial field presents limits, the non discrimination of weeds in the intra-row. To improve our method of discrimination, it would be to interesting to combine this spatial information with spectral information. Indeed, these last decades, the spectral properties of the plant were studied for discrimination between crop and weeds. 19 Several methods based on reflectance of the plants also exist. Some use artificial networks, [20] [21] [22] [23] others use the statistical analysis as the Principal Component Analysis (PCA) 24 or a Discriminating Factorial Analysis (DFA). 25 Although the establishment of the discrimination between monocotyledon and dicotyledon based on spectral approach is realizable, the discrimination of the species has not clearly established. Indeed Bossu et al.
23 studied successfully such a discrimination under conditions of laboratory on leaves of various species of weeds, but they must confirm these results in real conditions.
CONCLUSION
We developed a machine vision system for a real time precision sprayer based on the image processing. The spatial method based on a Gabor filtering and a region-based segmentation, allows us to detect only inter-row weeds. The precision sprayer has been tested only on a simulated agronomic scene. We are able to open the right EPV at the right moment and at the right place but actually, the intra-row weeds can not be detected. Finally, we will investigate a spectral approach to overcome this difficulty.
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APPENDIX A. OPTICAL SYSTEM
In this part, we will present the optical transformation. Indeed, the camera is located with a height H from the ground (millimeter) and it is inclined with a tilted angle φ (degree) with the vertical as shows Fig.5 .b. In order to know the coordinates of a point in the real world (x w , y w ) from its coordinates in the image world (x c , y c ), we must characterize the matrix projection. The transformation of a position expressed in the camera coordinate system k to a position expressed in the world coordinate system w is given by: 
Where R is the rotation matrix between real world system w and the camera system k. In our case, R is function of φ: 
Moreover to determine a position expressed in the camera coordinate system k, the intrinsic parameters of the camera are required. We use the CCD image benchmark i where coordinates on in metric unit:
The determination of the coordinates in the CCD image benchmark i, based on the coordinates expressed in pixel in the image benchmark c:
